It is accepted that the taxon-specific, multifunctional crystallins (small heat-shock proteins and enzymes) serve structural roles contributing to the transparent and refractive properties of the lens. The transparent cornea also accumulates unexpectedly high proportions of taxon-specific, multifunctional proteins particularly, but not only, in the epithelium. For example, aldehyde dehydrogenase 3 (ALDH3) is the main water-soluble protein in corneal epithelial cells of most mammals (but ALDH1 predominates in the rabbit), whereas gelsolin predominates in the zebrafish corneal epithelium. Moreover, some invertebrates (e.g., squid and scallop) accumulate proteins in their corneas that are similar to their lens crystallins. Pax-6, among other transcription factors, is implicated in development and tissue-specific gene expression of the lens and cornea. Environmental factors appear to influence gene expression in the cornea, but not the lens. Although no direct proof exists, the diverse, abundant corneal proteins may have evolved a crystallinlike role, in addition to their enzymatic or cytoskeletal functions, by a gene sharing mechanism similar to the lens crystallins. Consequently, it is proposed that the cornea and lens be considered as a single refractive unit, called here the "refracton," to emphasize their similarities and common function.
metabolically active. An essential finding was that the active enzyme-crystallin and the enzyme expressed in nonlens tissues are encoded by the same gene, a situation called "gene sharing." [10] [11] [12] In some cases, such as ␦1-crystallin in birds 11 or glutathione S-transferase/S-crystallins in cephalopods, 13 gene duplications have led to lens specialization. Thus, the identical gene encodes a protein that functions as a structural crystallin at high concentration in the lens and as a metabolic enzyme, or stress protein, at low concentration in other tissues.
Although no direct proof exists, it is accepted that these metabolic enzymes act as structural lens crystallins in view of the refractive function of the clear lens and the abundance of a given enzyme-crystallin in the lens (10%-90% of the water-soluble protein, depending on enzyme-crystallin and species). A number of arguments favor this idea. One is that it does not make sense for an enzyme to exist in the lens at such a high concentration if its only role is to catalyze metabolic reactions. Another argument for a structural role of an enzyme-crystallin is that it may be active in the lens of one species and relatively inactive in another species. For example, argininosuccinate lyase/␦-crystallin is active in the duck lens, whereas ␦2-crystallin is highly expressed and inactive in the chicken lens, where ␦1-crystallin predominates. [11] [12] [13] [14] ABUNDANT CORNEAL PROTEINS It has been known for a long time that similar to the lens, the cornea accumulates unusually high proportions of a few intracellular, water-soluble proteins. 15 The first reported abundant intracellular protein of the cornea, BCP 54 for bovine corneal protein of 54 kilodaltons accounted for 20% to 40% of the water-soluble protein. [16] [17] [18] BCP 54 was subsequently shown to be active aldehyde dehydrogenase 3 (ALDH3). [19] [20] [21] [22] ALDH3 accumulates in the corneas of most mammals but not in other classes, indicating that it is taxon-specific like the enzyme-crystallins of the lens. 17, 23, 24 The unexpectedly high proportion of BCP 54/ALDH3 in the corneal cells of mammals led to the suggestion that it may have a structural role for transparency. 18, 25 Thus, the idea that corneal cells use abundant proteins as crystallins is not new.
The taxon specificity of the abundant corneal proteins is as striking as that of the lens crystallins (Table 1 ). In some cases, there are gross species-specific differences in the major enzymes of the cornea. Examples include the abundance of isocitrate dehydrogenase in the bovine cornea 26 and ALDH3 18 and transketolase (TKT) in corneas of mammals 27 but not of birds, reptiles or fish. 28 However, there are also intriguing subtle differences in the choice of enzymes that accumulate in the corneas of different species. For example, whereas ALDH3 predominates in the corneas of most mammals, 28 it is replaced by ALDH1 in rabbit corneas. 23 There are numerous structural and substrate differences between these two ALDH isoforms, again consistent with the idea that there are more uses for the abundant corneal enzymes than metabolism per se.
Another feature of the abundant water-soluble proteins of the cornea that resembles the lens crystallins is that these multifunctional proteins are not always enzymes. In the lens, the ␣-crystallins were recruited from ubiquitous, nonenzymatic small heatshock proteins, 6 and -crystallin was recruited from cellular retinol-binding protein in geckos. 30, 31 In the cornea, gelsolin is the predominant water-soluble, intracellular protein in the corneas of some fish. 24 
ABUNDANCE OF GELSOLIN IN THE ZEBRAFISH CORNEA
We recently have shown that gelsolin, which binds and dissociates actin fibrils, represents approximately 40% of the watersoluble protein of the zebrafish cornea. 24 ALDH3 is negligible, if present at all, in these corneas. Actin is also abundant (approximately 15%) in the cornea, but less so than gelsolin, as judged by the staining patterns on the sodium dodecyl sulfate-polyacrylamide gels. Together, gelsolin and actin appear to account for at least 50% of the water-soluble proteins of zebrafish corneas. In situ hybridization and immunocytochemistry showed that the zebrafish gelsolin is located in the epithelium. Rhodamine-phalloidin staining of the zebrafish cornea indicated that most of the abundant actin is not polymerized as F-actin, as it is in the mouse cornea, presumably because of its dissociation by gelsolin. This is consistent with the deduced primary structure of zebrafish gelsolin, which has the conserved binding sequences for actin, calcium, and phosphatidylinositol biphosphate.
Thus, gelsolin and actin-gelsolin complexes might fill the cytoplasm of the zebrafish corneal epithelial cells in much the same way as the crystallins fill the cytoplasm of the lens cells.
It is not known how prevalent gelsolin overexpression is in the cornea of different species of fish. Gelsolin is the main watersoluble corneal protein of two other freshwater fish (rosey barb and tricolor shark). 24 Trout and sculpin corneas were also tested and appear to have considerably less gelsolin, although rhodamine-phalloidin staining of their corneas was weak, as in the zebrafish cornea, suggesting that the corneas of these fish also contain proteins that can dissociate F-actin.
CORNEAL PROTEINS OF INVERTEBRATES
Many invertebrates have cellular lenses and corneas, although they have structural differences from those of vertebrates. 13 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis indicated that the main water-soluble proteins of the squid cornea are similar to the S-crystallins of the squid lens. 28 S-crystallins are a complex family of proteins with multiple genes derived from that of encoding glutathione S-transferase, 13 and it is not known whether the same S-crystallin genes are expressed in the squid lens and cornea. Nonetheless, there is a striking similarity between the protein profile in the lens and cornea of the squid, 29 more so than of any other species investigated to date.
Scallops also have well-developed eyes with cellular lenses, with their corneas being a single layer of epithelial cells separated from the lens by extracellular material. 32, 33 ⍀-crystallin, the sole crystallin of the scallop lens, is an inactive, dimeric protein belonging to the ALDH 1/2 class. 33 The only other significant expression of ⍀-crystallin in the scallop eye is in the cornea, according to an immunocytochemical test. The photomicrographs in Figure 1 show the scallop eye with its corneal monolayer of epithelial cells ( Fig. 1 , left) and the ⍀-crystallin/ALDH immunofluorescence pattern in the lens and cornea ( Fig. 1, right) . Note how the scallop
FIG. 1. A:
Light micrograph of a transected eye from a mature sea scallop, Placopecten magellanicus. The eye was fixed in 4% paraformaldehyde, embedded in methacrylate, sectioned longitudinally along the central axis, and stained with toluidine blue (courtesy of Dr. W. Gerald Robison, Jr.). B: Immunofluorescence of a sea scallop eye using a primary polyclonal antibody made against squid L-crystallin/ALDH of the light organ lens and a biotinylated secondary antibody. The eye was fixed in paraformaldehyde, embedded in Tissue-Tek OCT compound, frozen (Sakura Finetechnical Company, Tokyo, Japan), and cut with a cryostat (Leica SM 3050, Heidelberg, Germany) (courtesy of Dr. Ernst Tamm; magnification, ∼100×). Further details can be found elsewhere. 33 C, cornea; dr, distal retina; L, lens; P, pigmented epithelium; pr, proximal retina; R, retina. cornea and lens appear as an integrated structure. Indeed, the thickened extracellular material between the corneal epithelium and lens can be imagined as analogous to the corneal stroma of a vertebrate eye lying against the lens instead of the endothelium. It is still possible that the cross-reactive corneal protein is not ⍀-crystallin or that the relative proportion of ⍀-crystallin is not particularly high in the scallop cornea as it is in the lens. However, the data raise the possibility that ⍀-crystallin is an abundant watersoluble protein in the cornea and lens of the scallop. Cubomedusan jellyfish are another invertebrate with complex eyes, called ocelli. 34 The ocellus has a cellular lens and a monolayer of epithelial cells as a cornea, as does the scallop, although it lacks the thickened extracellular layer between the cornea and lens that is present in the scallop (Fig. 2 ). In the jellyfish eye, it is striking how the proximity of the lens and cornea resemble the epithelium and fibers of the vertebrate eye. The jellyfish lens crystallins consist of three monomeric bands of 35-, 20-, and 19kilodalton proteins called J1-, J2-, and J3-crystallin, respectively. J1-crystallin is composed of three extremely similar, novel proteins, J1a, b, and c, encoded in distinct, intronless genes. 35 We are investigating whether one or more of the jellyfish crystallins are present in the cornea.
Thus, the available evidence, albeit scanty, suggests that at least some invertebrates express their lens crystallins or a member of the same protein family in their cornea. This contrasts with vertebrates in which the abundant water-soluble corneal proteins differ from the lens crystallins. One possible exception that needs investigation in the vertebrate eye is the elephant shrew that contains ALDH1/-crystallin in the lens 36 and presumably accumulates an ALDH in the cornea, as do other mammals.
CORNEA-AND LENS-PREFERRED GENE EXPRESSION: A ROLE FOR PAX-6
Transgenic mouse and transfection experiments have shown that lens specificity is achieved largely, if not entirely, at the transcriptional level and may be independent of species. 37 Although no universal cis-control element has been found as the basis of lens specificity, a group of transcription factors have emerged as being critical for expression of crystallin genes in the developing lens. 38 Pax-6, retinoic acid receptors, maf family members, and Sox family members are among those that appear to be used for activity of a number of different crystallin promoters in the lens.
Pax-6 appears to be important for preferential gene expression in the cornea and lens. First, Pax-6 is expressed in the surface head ectoderm that forms the lens and cornea. [39] [40] [41] Moreover, lens and cornea express Pax-6 and have defects resulting from its mutations or misexpression. [42] [43] [44] [45] It is well established that Pax-6 can regulate crystallin promoter activity in transfected cells. 38, 46 Gene expression has been studied less intensively in the cornea than in the lens. However, in vivo tests in rabbits using a gene gun 47 and transfection experiments using human corneal epithelial cells 48 have provided evidence that the cornea-specific mouse keratin K12 promoter is activated by Pax-6. In addition, gelatinase-B promoter activity has been linked with Pax-6 during wound healing of the corneal epithelium. 49 Our current cotransfection experiments indicate that Pax-6 activates the mouse ALDH3 promoter (Davis and Piatigorsky, unpublished data). The existence of an upstream enhancer in the Pax-6 gene that directs promoter activity specifically to the lens and cornea of transgenic mice 50,51 further links tissuepreferred gene expression in the cornea and lens.
Despite the common use of Pax-6 and possibly other transcription factors for lens-and cornea-preferred gene expression, lens specificity is achieved without corneal expression in transgenic mouse experiments using various lens crystallin promoters fused to reporter transgenes. 37 Conversely, cornea-specific promoter activity, excluding the lens, has also been shown in transgenic mice. A 4-kilobase mouse ALDH3 promoter: reporter transgene functioned specifically in corneal epithelial cells 52 and a 3.2-kilobase keratocan promoter-reporter transgene was active selectively in corneal keratocytes 53 of transgenic mice. Although the 4-kilobase ALDH3 promoter fragment contained intron 1, a 12-kilobase ALDH3 promoter fragment lacking intron 1 was active in a number of tissues and in the cornea, suggesting that corneal specificity may require an interaction between elements in intron 1 and the 5Ј flanking sequence. It is also noteworthy that the keratocytespecific keratocan promoter fragment contained a portion of the first intron.
Finally, control elements regulating corneal and lens specificity of the mouse ␣B-crystallin promoter are in proximity if not intimately related. Activity of the −164/+44 ␣B-crystallin promoter
FIG. 2.
Paraffin section transecting the ocellus of the cubomedusan jellyfish, Tripedalia cystophora, stained with hematoxylin and eosin (Magnification, ∼500×). Further descriptions of the cubomedusan ocellus can be found elsewhere. 34 fragment lacking the upstream ␣B-crystallin enhancer required for expression in nonocular tissues was shown originally to be lensspecific in transgenic mice 54 and activated by Pax-6 55 and retinoic acid-retinoid receptors 56 in transfected cells. Recent tests, however, showed that the −164/+44 promoter fragment is also active, albeit weakly, in the mature corneal epithelium of transgenic mice. 57 The transgene was active in the lens but not the cornea of the 16-day-old embryonic transgenic mice. Promoter activity was detected in the cornea and the lens in the 6-week-old transgenic mice. The delayed appearance of ␣B-crystallin promoter activity in the cornea may simply reflect a difference in the sensitivity of our assay. However, it is also possible that there is an important regulatory difference in cornea-preferred promoter activity in the lens and cornea. One possibility is that environmental effects may contribute to tissue-preferred gene expression in the cornea, but not in the lens.
DEVELOPMENTAL VERSUS ENVIRONMENAL CONTROL OF CORNEAL GENE EXPRESSION
ALDH3 and alcohol dehydrogenase activities of the mouse cornea are upregulated between 7 and 16 days after birth 58 (Kays and Piatigorsky, unpublished data) . Similarly, mRNA and protein levels of ALDH3 (Kays and Piatigorsky, unpublished data) and TKT 28, 59 are increased in mouse corneal epithelial cells between 10 and 25 days after birth. These increases in corneal gene expression coincide with eyelid opening, which occurs 12 or 13 days after birth in the mouse.
Developmental factors and light and other stresses affect the increases in these enzymes in the cornea. Comparisons between mice that were raised in the dark and those raised in 12-hour light-dark cycles showed slightly increased ocular ALDH3 and alcohol dehydrogenase activities in the latter. 58 It has also been shown that TKT mRNA levels were twice as high in the corneas of 25-day-old mice raised in cycling light-dark conditions than in the corneas of mice raised in near total darkness. 28 Exclusion of light did not affect TKT mRNA levels in adult mice. Light exposure also prevented a decrease in ALDH3 gene expression in cultured rat corneal epithelial cells 60 and increased TKT mRNA levels in excised eyes of newborn mice. 59 Environmental influences on corneal gene expression may not be confined to light. For example, TKT mRNA was increased by oxidative stress of cultured lens cells. 60 In addition, acceleration of eyelid opening by epidermal growth factor increased TKT mRNA levels in corneas of mice raised in the dark for 28 days. 28 Although the reasons for these increases are not known, the data are consistent with the possibility that developmental and environmental factors influence gene expression in the cornea. The range of environmental factors (e.g., oxygen-to-carbon dioxide ratios, pH, and oxidative stress) and mechanisms of their action require further investigation. Whatever the environmental parameters, these control mechanisms apparently do not extend to the lens, where crystallin gene expression is under developmental control 38 and unaffected by light. 61
FUNCTION OF THE ABUNDANT WATER-SOLUBLE INTRACELLULAR CORNEAL PROTEINS
The functions of the abundant cytoplasmic proteins of the cornea remain an enigma. By analogy with the taxon-specific multi-functional lens crystallins, it seems reasonable to explore the idea that they serve crystallinlike roles in addition to their known enzymatic or other cellular roles. 15 Their precise noncrystallin roles would depend on the protein and species, as suggested for the taxon-specific lens crystallins. For example, the lenses of diurnal geckos that are exposed to high light intensities accumulate -crystallin, a cellular retinol-binding protein type 1 adapted to bind vitamin A 2 . 30, 31 In addition to presumably affecting the refractive index of the lens, the -crystallin-vitamin A 2 complex is thought to protect the retina by absorbing shortwave radiation. By analogy with the dual roles of lens crystallins, ALDH3 may protect against oxidative damage of light-induced lipid peroxidations and absorption of ultraviolet light in the mammalian cornea. 19, 20, 62, 63 Conversely, the abundant gelsolin in zebrafish cornea may affect wound healing or provide structural stability rather than protect against ultraviolet light that is probably a minor problem in the fish lacking eyelids. 24 The unifying idea is that the abundant corneal proteins may be serving multiple functions, as is thought to be the case for lens crystallins, by a gene sharing strategy. 15 Indeed, at our current state of knowledge, it is possible to consider that in some cases, the primary role of an abundant corneal enzyme is structural rather than catalytic. Again, it is instructive to use the lens as a model. ␦-Crystallin has high argininosuccinate activity in the duck lens and low activity in the chicken lens, 11 raising the possibility that its enzymatic activity may not be significant for the lens, at least in some species. If enzyme activity were the primary function for corneal ALDH3, it is peculiar that this enzyme is most abundant in mice, which are nocturnal and exposed to relatively little ultraviolet light, and negligible in birds, which fly in the sky and are bombarded with shortwave radiation.
We have obtained ALDH3 null 64 and TKT heterozygote 65 mice by homologous recombination to investigate the role of these enzymes in the mouse cornea. No viable TKT null mice were obtained. Surprisingly, ALDH3 null and TKT heterozygote mice have clear corneas. It is noteworthy in this connection that ␣Bcrystallin null mice have clear lenses, 66 yet presumably this small heat-shock protein-crystallin has a refractive function in the lens. We are currently searching for the biologic role(s) of ALDH3 in the mouse corneal epithelium. Thus, the abundant, taxon-specific proteins in the cornea remain an intriguing puzzle.
CONSIDERATION OF THE LENS AND CORNEA AS ONE FUNCTIONAL UNIT: THE 'REFRACTON' HYPOTHESIS
In view of the analogies between the lens crystallins and the abundant corneal proteins, it seems worthwhile to explore the idea that the lens and cornea have more in common than is generally appreciated. Both tissues are derived from the same ectodermal tissue during embryogenesis and use similar transcription factors for development and specific gene expression, with Pax-6 a currently notable example.
The transparent cornea and lens function together to eliminate spherical aberrations and cast a focused image onto the retina. The relative importance of the cornea or lens for focusing in the eye depends on niche. Approximately two thirds of the refraction is performed by the cornea in terrestrial vertebrates, in which the air-liquid interface and tissue curvature play dominant roles, whereas the refraction is performed principally by the lens in aquatic species. Moreover, the cornea and lens have the difficulty of dealing with oxidative stresses, especially ultraviolet radiation, and must develop protective mechanisms.
Although the extracellular stroma has an important role in corneal transparency, the problem of cellular transparency in the cornea remains. 64 The refractive index of corneal cells must be optimized for transparency and refraction just as in the lens. In this regard, rabbit keratocytes significantly reduce their ALDH1 and TKT contents and become reflective after freeze-injury of their corneas, suggesting that these abundant enzymes are necessary for keratocyte transparency in the rabbit cornea. 23 Although it may be fortuitous, it is striking how the simplified cornea (i.e., the transparent epithelial sheet anterior to the lens) in some invertebrates appears anatomically similar to the lens epithelium of vertebrates. Moreover, at least in some invertebrates (e.g., squid and scallop), the cornea expresses proteins that are similar if not identical to the crystallins in their lenses.
Consequently, it is proposed to consider the cornea and lens as the anterior and posterior element, respectively, of a single functional unit, called herein the "refracton" to signify its biologic role. The cornerstone of the refracton hypothesis is that the lens and cornea have accumulated diverse, taxon-specific multifunctional proteins by a gene sharing strategy, which contribute to its optical properties. Detailed comparative studies between the lens and cornea would be enlightening. Identification of their common features, such as gene sharing, may deepen our understanding of fundamental processes in both tissues. The mechanistic differences that are found between common processes in the lens and cornea may be equally revealing. For example, the putative role of environmental factors for gene expression in the cornea, but not the lens, may reflect evolutionary mechanisms that give new insights into gene sharing and the recruitment of novel functions for proteins by changes in the expression of their genes. There are presumably other common biochemical, biophysical, and physiologic parameters of the lens and cornea unifying these two transparent tissues, which will strengthen the refracton concept. Exciting times are ahead.
CONCLUSIONS
By analogy with the taxon-specific multifunctional lens crystallins, it is proposed that the abundant, water-soluble, cytoplasmic proteins of the cornea have crystallin-like functions, and that the lens and cornea together form a functional unit called the refracton.
